A field experiment was conducted at a private farm located at Wadi El Natrun District, Al Behaira Governorate (30°484' N latitude and 30°497' E longitude) during seasons of 2013-2014 and 2014-2015 to evaluate the effect of irrigation techniques, deficit irrigation levels and spraying with boron on water use efficiency, yield and quality of sugar beet (Beta vulgaris L.). Eighteen treatments were arranged in a split-split plot design with three replicates, which were the simple combinations of two methods of sprinkler irrigation system (fixed sprinkler and center pivot), three deficit irrigation levels i.e. 60, 80 and 100% of the full irrigation water requirement (IWR) (ETc. = 589 mm fed. ) compared to sprinkler irrigation system in the two growing seasons. In addition, sugar and purity percentages were significantly higher under center pivot than fixed sprinkler irrigation system. Meanwhile, impurities concentration (i.e. Na, K and α-amino N) was higher under fixed sprinkler than center pivot irrigation system. Deficit irrigation level of 60% from IWR achieved the lowest mean values of all quantitative yield characteristics and the highest concentrations of impurities. Meanwhile, the highest root length was obtained under the deficit irrigation level of 80% from IWR. The maximum values of quantitative yield characteristics, sugar and purity percentages were achieved under 100% from full IWR. Foliar application of boron at rate of 1.5 g L -1 led to an increase in root length, diameter, fresh weight and yield compared to control treatment. In addition, sugar and purity percentages were the highest under this treatment. On contrary, the impurities (Na, K and α-amino N) concentrations were significantly the lowest under rate of 1.5 g L -1
INTRODUCTION
According to the Egyptian Ministry of Agriculture and Land Reclamation, the total cultivated area of sugar beet in the year 2015/2016 was 555585 feddans with an estimated root yield of 16.7 Mg fed -1 and sugar productivity of 1265597 Mg (57.61% of the total sugar productivity in Egypt). In this regard, the steadily progressive increase in the Egyptian population and the gap between total sugar production (2196877 Mg) and consumption (3200000 Mg) resulted in a tremendous crisis in the sugar market in Egypt (MARL 2017) . This crisis was associated with another steadily increase in the global sugar prices and a high reduction in the Egyptian currency value. Consequently, maximizing sugar production in Egypt is a national target to overcome this crisis through expansion in sugar beet cultivation in the newly reclaimed soils, taking into consideration huge water consumption of sugar cane.
The specific problems of sandy soils management (in particular their low water holding capacity and nutrient supply potential) require using an efficient irrigation system for water and nutrients absorption (Selim et al., 2009; Selim and Mosa 2012) . Modern irrigation systems i.e. drip and sprinkler irrigation, have been widely used for maximizing water use efficiency in poor sandy soils. These systems, however, need to a lot of operation and maintenance costs. The operation costs of sprinkler irrigation include pumping source, piping, nozzles, energy source, manpower and maintenance follow up. On the other hand, drip irrigation system requires additional costs in regular maintenance and fertilizers control. Recently, attention has been directed towards center pivot irrigation system as one of the most efficient sprinkler irrigation techniques for water application in sandy-textured soils. As compared with other irrigation systems, center pivot can cover larger areas with higher application efficiency because of its movable pipe structure that rotates around a central point connected to a water supply (Waller and Yitayew, 2016) . Beside irrigation systems, other modern water application techniques should be investigated in arid and semi-arid regions for more efficient use of limited water resources. Among them, deficit irrigation scheduling proved its effectiveness based on its non-sophisticated operation and higher use efficiency (Topak et al., 2011) .
Among different micronutrients, boron (B) is by far the most important required nutrient for sugar beet growth optimization. Without an adequate supply of boron, quantitative and qualitative yield characteristics of sugar beet may sharply depress. Severe B deficiency causes complex symptoms in sugar beet known as hollow heart and root rot. Most of soil boron is associated with organic matter fraction. Because of low-organic matter content of sandy soil, foliar application of B is required to overcome B deficiency in plants grown under sandy soil conditions. According to its well-known function in sugar translocation in roots, it is necessary to include boron in the sugar beet fertilization program. The scientific hypothesis of its vital role in sugars translocation depends on interaction with pristine sugars to form sugar-borate complexes (an ionizable form), which is greatly mobile than the non-ionized sugar molecules (Hoffmann 2010) . In addition, despite the intensive research concerning the effect of boron supplementation on sugary crops optimization, little has been done to evaluate the effect of late doses application. It is hypothesized that B application in the late growth stages of sugar beet could accelerate the sugars translocation from shoots to roots.
The main objectives of this research are to evaluate the effect of different irrigation systems (center pivot and fixed sprinkler irrigation systems), deficit irrigation levels (60, 80 and 100% from IWR) and foliar application of boron (1.0 and 1.5 g L -1
) on water use efficiency, quantitative and qualitative yield and yield characteristics of sugar beet crop.
MATERIALS AND METHODS
A field experiment was carried out in a sandy textured-soil (Typic Torripsamments) located at a private farm in Wadi El Natrun District, Al Behaira Governorate (30°484' N latitude and 30°497' E longitude) during the two successive seasons 2013-14 and 2014-15 to evaluate the effect of water deficit and spraying with boron on yield and quality of sugar beet grown under center pivot and fixed sprinkler irrigation systems. In a split-split plot design with three replicates, main plots were assigned to sprinkler irrigation techniques: center pivot irrigation and fixed sprinkler irrigation. The theoretical irrigation water requirements were estimated using the CROPWAT model (Penman-Monteith method) and were based on historical data from the nearest weather station (El Sadat weather station) that was located 15 km from the experimental site. Deficit irrigation levels were presented in sub plots as follows: 60%, 80% and 100% of calculated irrigation water requirements (according to Allen et al., 1998 formula; ETc = ETo x Kc). Boron fertilization rates were randomly distributed in sub-sub plots as follow: control (without fertilization), 1.0 g boron L -1 (5.88 g boric acid L ). Each treatment was replicated three times. Thus, the total numbers of plots were 54 plots. Plot area was 10.8 m 2 (2.0 m long and 5.4 m wide) including 12 rows. The soil was ploughed twice and leveled before sowing. Sugar beet (Beta vulgaris L.) mono-germ variety (Elmo) was used from Strube GmbH and Co.KG. Germany. Seeds were mechanically cultivated by a planter (2.0 cm, 0.45 m spacing between rows and 0.17 m distance between seeds) on October 1, during the two studied seasons. Some soil physical and chemical properties were determined using the methods described by Hesse (1971) as shown in Table  1 . Irrigation water used in the experiment was pumped from a groundwater source. Representative water samples were collected and analyzed for pH, EC and soluble cations and anions according to . Nitrogen and phosphorus requirements of sugar beet (114, 19 kg fed -1 N and P, respectively) were applied from two combined fertilizer sources (18-44-0 and 40-5-0) according to the growth stage. However, potassium and magnesium were applied at rates of 10 and 2.7 kg fed -1 in forms of potassium sulphate (K 41.0%) and magnesium sulphate (Mg 10.8%), respectively. Foliar boron applications (in the form of boric acid 17.4%) were applied twice (60 and 150 days after sowing) at rates of 1.0 and 1.5 g L -1 using hydraulic boom sprayer dragged by a tractor (150 L fed -1 ).
At harvest time (190 days after sowing), representative samples from five plants were randomly collected from each sub-plots to determine the following traits: 1-Root length(cm).
2-Root diameter (cm). 3-Root fresh weight (g plant -1
). 4-Root yield (Mg fed.
-1
). Juice quality and its chemical traits were determined at the quality laboratory, El Nile Sugar Factory, Alexandria, Egypt. Sodium (Na) and potassium (K), alpha amino nitrogen (α-amino N) concentrations (expressed as a mill equivalent 100 g -1 of beet) and sucrose percentage were estimated according to the procedure of Sugar Company by an Automatic Sugar Polarimetric described by Cooke and Scott (1993) . Purity percentage was calculated using the formula of Carruthers and Oldfield (1961) : Where, sugar loss % ={ (0.29) + 0.343 (K + Na) + 0.094 (α-amino N)} according to Harvey and Dutton (1993) . Water use efficiency was calculated according to the formula of Howell (2001) All statistical analyses were performed using analysis of variance technique by means of COSTATE Computer Software (V. 6.303, CoHort, USA, 1998-2004) as described by Gomez and Gomez, (1984) . Treatment means were compared using Duncan's multiple range test at the 5% level of probability according to Waller and Duncan (1969) . Table 3 show the effect of different irrigation systems, deficit water levels and boron fertilization on root length (cm), root diameter (cm), root fresh weight (g plant -1
), and root yield (Mg fed -1 ) of sugar beet at harvest stage (190 days) in the two seasons. It is obvious that center pivot irrigation system obtained higher values of quantitative yield characteristics than fixed sprinkler irrigation system. The increase of quantitative yield characteristics obtained by center pivot system was 7.6 and 7.5% for root length, 7.4 and 6.8% for root diameter, 6.9 and 6.4% for root fresh weight and 6.9 and 6.5% for root yield, respectively in the first and second seasons comparing with fixed sprinkler irrigation system. As mentioned above, center pivot system has a desirable effect on the uniformity of water distribution system, which led to an increase of water depth in soil compared to fixed sprinkler irrigation system.
Concerning the effect of different deficit irrigation levels, data in Table 3 clearly show a superiority to the second level (80% from IWR) as compared to 60 and 100% from IWR. The high productivity of the moderately deficit irrigation level could be attributed to the production of chemical signals inside the plant root cells (e.g. abscisic acid), which translocated to plant leaves allowing the plant for better adaptation against drought (Sahin et al., 2014) . On the other hand, the sever deficit irrigation level (60% from IWR) led to avoid water from reaching the lower layers (below 30 cm). This water deficit level, therefore, was not efficient to deliver water to the deep roots of sugar beets (Eid and Ibrahim 2010) . Vazifedousta et al., (2008) reported that the economic yield production by deficit irrigation could be achieved by applying 1.0 m 3 of water for 1.1 kg dry material. In this regard, Sharifi et al., (2002) recorded a dramatic yield reduction in sugar productivity by about 16 and 39.7% with reducing water application from 1000 to 725 and 655 mm, respectively. Foliar application of boron at rates of 1.0 and 1.5 g L -1 resulted in significant improvement in quantitative yield characteristics. Boron rate of 1.0 g L -1 caused an increase by 11.51 and 9.09% for root length, 14.83 and 14.22% for root diameter, 3.30 and 5.83% for root fresh weight and 3.14 and 5.86% for root yield, respectively in the first and second seasons. Meanwhile, boron rate of 1.5 g L -1 resulted in an increase by 19.71 and 15.2% for root length, 22.76 and 20.92% for root diameter, 12.95 and 14.62% for root fresh weight and 12.62 and 14.58% for root yield, respectively in the first and second seasons. This significant effect of boron fertilization reflects its vital role as an important nutrient for sugar beet nutrition through its promoting effect to cell wall formation, carbohydrate metabolism and sugar translocation (Ishii and Matsunaga, 1996) . Several negative effects on sugar beet plant growth and production are associated with boron deficiency including: reduction in cell division, hindering root elongation, reduction in leaf expansion, malformations in plant roots (e.g. hollow heart phenomenon) and dropping in fertility (Ibrahim, 2006; Takano et al., 2008 and EIKamash, 2007) . The highest mean values of sugar beet root yield were 28.1 and 30.4 Mg fed -1 produced from the combination with 1.5 g L -1 and 100% from IWR under center pivot system in the first and second seasons, respectively. 2-Sucrose (%), sodium, potassium, alpha amino-N contents (meq 100 g -1 beet) and purity (%) of sugar beet. Data illustrated in Table 4 show an improving effect on yield quality indices of sugar beet grown under center pivot irrigation system. Sucrose percentage increased by 3.19 and 4.15% with a noticeable increase in purity (90.04 vs. 89.08% and 89.46 vs. 88.40% for center pivot and fixed sprinkler irrigation systems, respectively in the first and second seasons). In this regard, N, K and α-amino N contents show a sharp reduction in plants grown under center pivot irrigation system. Sodium, potassium and amino-nitrogen are naturally-occurring constituents of the sugar beet root. These constituents are classified as impurities, which impede sucrose extraction during routine factory operations. Increasing the concentration of these impurities in sugar beet roots could be combined to estimate percentage of sucrose loss to molasses; thus, reduction in the net sugar production (Campbell and Fugate, 2015) . Table 4 . Sucrose (%), sodium, potassium, alpha amino-N contents (meq 100 g -1 beet) and purity (%) of sugar beet root as affected by irrigation systems, deficit irrigation levels and boron fertilization rates in the two successive seasons. The promoting effect of center pivot irrigation system on maximizing sucrose percentage and improving purity could be attributed to the better distribution of irrigation water application; thus, improving nutrients use efficiency (particularly nitrogen), and increasing root growth and elongation in the rhizosphere. The enhancement of nitrogen use efficacy might lead to a reduction in α-amino N formation in roots. Furthermore, this better uniformity of water distribution in the root zone might accelerate the continuous leaching of accumulated salts in soil. Consequently, reducing the uptake of sodium by plants. This finding is in harmony with those obtained by Ortiz et al., (2012) who confirmed that sugar beet grown under center pivot irrigation system had a good root quality with high sugar percentage and low concentrations of impurities.
The productivity of sucrose percentage under different deficit water levels was comparable (Table 4) . However, a slight increase was observed with 100% from IWR treatment (19.30 and 18.82%) as compared to 80% treatment (19.72 and 18.78%) followed by 60% treatment (18.80 and 18.50%) in the two successive seasons, respectively. This could be attributed to the reduction of impurities (Na, K and α-amino N) formation in plant roots (Bloch et al., 2006) , and consequently improving operational processing of sucrose extraction.
Foliar application of boron resulted in a significant increase in sucrose productivity (19.43, 19.02% and 19.72, 18 .83% with 1.5 and 1.0 g L -1
, respectively in the two seasons) as compared to the control treatment (18.67 and 18.25%). This obvious increase in sucrose productivity was associated with a progressive reduction in impurities and subsequently increase in the purity percentage. Sodium concentration decreased by (59.1 and 59.1%) and (27.4 and 28.0%) due to foliar boron rate of 1.5 and 1.0 g L -1
, respectively in the two successive seasons (Table 4) . Potassium contents show also a reduction by (16.5 and 18.3%) and (11.5 and 10.0%) with 1.5 and 1.0 g L -1 , respectively in first and second seasons. Meanwhile, this reduction was very sharp with α-amino N by (38.3 and 39.6%) and (20.9 and 21.4%) with 1.5 and 1.0 g L -1 , respectively. The high productivity of sucrose following boron application might be revealed to the encouraging effect of glucose formation in roots and phloem sap; thus, improving sucrose productivity at the harvesting stage (Armin and Asgharipour, 2012; Soliman, 2014) . Beside its role in sugar synthesis, boron has another vital role in sugars transformation from source to sink as the borate form is easier for translocation than other sugar forms (Menisy 2009 ). The highest mean values of potassium content 4.3 and 4.5 meq 100 g -1 beet were obtained from the combination of control treatment of boron (without B) and treatment of deficit water level 80% from IWR under fixed sprinkler irrigation system, respectively in first and second seasons.
3-Water use efficiency (WUE).
Center pivot irrigation system improved the WUE as compared with fixed sprinkler irrigation system under different deficit irrigation levels (10.0, 10.5 and 9.1 vs. 8.2, 8.7 and 7.6 kg m -3 in the first season) and (10.2, 11.2 and 9.6 vs. 8.8, 9.2 and 7.9 kg m -3 in the second season with 60, 80 and 100% from IWR, respectively) as shown in Figures  1 and 2 . Center pivot irrigation system uses long, singlepipe laterals moving in a circle around a central point, and linear move sprinkler irrigation systems that move in straight lines. This system applies water just above or in the plant canopy using small sprinklers, sprayers or bubblers. Therefore, water losses are minimized significantly due to neutralizing the effect on environmental conditions (e.g. wind and heat). Not only maximizing water uniformity distribution, but also its important role in maximizing nutrients utilization efficiency will maximize crop productivity; thus, improving water use efficiency. The highest mean values of WUE 11.7 and 12.3 kg m -3 were recorded from the combination of boron rate 1.5 g L -1 and treatment of deficit irrigation 80% from IWR under center pivot irrigation system, respectively in first and second seasons.
Although less root yields obtained from treatments with water stress treatments, it has higher WUE values. WUE values are generally high under increasing water stress conditions. Topak et al., (2011) confirmed that sugar beet crop is well adapted to deficit irrigation scheduling criteria with considering that the economic sustainability, which means that sugar beet can maintain in deficit irrigation treatments. Moreover, the maximum WUE didn`t occur at maximum evapotranspiration for sugar beet and usually occurred at evapotranspiration levels less than the maximum.
CONCLUSION
It could be concluded that irrigating sugar beet plants with 80% from its full irrigation water requirements under center pivot irrigation system and spraying boron at rate of 1.5 g L -1 resulted in the highest yield of sugar beet per cubic meter of water with a high sucrose and purity percentages during manufacturing process.
